Abstract-This paper gives an overview on the torquecontrolled humanoid robot TORO, which has evolved from the former DLR Biped. In particular, we describe its mechanical design and dimensioning, its sensors, electronics and computer hardware. Additionally, we give a short introduction to the walking and multi-contact balancing strategies used for TORO.
I. INTRODUCTION
Humanoid robotics is an emerging research field with significant potential regarding technological advancement and human prosperity. Humanoid robots aim to reproduce human appearance and capabilities. They can be used to gain deeper understanding on how the human body works. Practical applications include the support of humans, such as in industrial and health-care applications, where the human's working conditions are alleviated by the humanoid robot and productivity is increased. Another use case for humanoid robots is the partial or even full substitution of humans in hazardous situations which may occur during disastrous events or space missions. Compared to other areas of research, the field of humanoid robotics has a relatively short history. Similar to industrial robots, humanoid robots were traditionally based on joint position control, which in combination with a stiff and precisely manufactured drive train leads to a high achievable precision. The first biped robots were developed in Prof. Kato's lab at the University of Waseda. This line of research lead to the development of WABIAN-II [2] , the first fully actuated robot which achieved walking with stretched knees. The humanoid robots developed at AIST include HRP-2 [3] , which nowadays is used for research in many labs, the dust-and rainproof HRP-3 [4] and HRP-4, a slim walking machine with female shape [5] . The Technical University of Munich developed the walking machines Johnnie [6] and its successor Lola [7] , which can achieve high walking speed. Apart from academic research, the developments on biped walking were also largely influenced by company developments like Honda's Asimo [8] , Sony's small scale humanoid robot [9] , and Toyota's partner robots [10] .
Most traditional control strategies rely on very accurate knowledge about the robot dynamics [11] - [14] (i.e. kinematics and inertia properties) and its environment, and work with high-gain joint position control. One of the major breakthroughs in walking control was the introduction of the zero moment point (ZMP) by Vukobratovic [15] . The concept of the ZMP was utilized in the design and control of several impressive biped robots [3] , [16] - [18] . The abovementioned robots belong to the class of electrically driven, fully-actuated walking machines. They are designed as rigidbody systems with only some compliant material in the foot sole for handling the ground impacts during walking. be subdivided into several groups. One possible approach is impedance control [21] - [23] . Due to its passivity properties, it is a promising method with regard to human-robot interaction and interaction with an unknown environment. Inverse dynamics control [24] - [26] is another torque-control technique, which provides good tracking capabilities, whilst showing a compliant behavior in case of perturbations.
The increased interest in torque control techniques leads to a demand for physical robots capable of torque sensing and control. In the past few years, several torque-controlled humanoid robots have been realized. Some robots, such as the CB robot [27] and the Petman and Atlas robots by Boston Dynamics Inc. [28] have been implemented based on the principle of hydraulics. One advantage of hydraulics over other actuation principles is its relatively high bandwidth and very high power density. Typical disadvantages of hydraulic humanoids (e.g. Atlas) are their huge power requirements and problems related to noise production (mainly produced by the hydraulic pump). At the same time, the extreme strength of the actuators can be seen as a potential risk regarding human-robot interaction. Additionally, the relatively high and usually unmodeled friction/stiction in hydraulic actuators (as orally reported about Atlas by several DRC teams) can be a challenge with regard to control.
Robots with series elastic actuators form a second prominent group of torque-controlled robots. Here, the torque is measured and indirectly controlled via measurement and regulation of the spring deflection. Some examples of this group of robots are IHMC's M2V2 [29] , ETH's StarlETH robot [30] , the biped robot Hume [31] from the Human Centered Robotics lab and IIT's COMAN robot [32] . One advantage of series elastic actuators is their mechanical robustness and their shock absorption capabilities (e.g. impacts when walking on rough terrain). Also, when properly controlled [33] , series elastic actuation results in high energy efficiency, which can for example increase the maximum achievable traveling distance of biped robots. If the series elastic actuators are highly compliant (i.e. low bandwidth), torque-control techniques cannot be directly applied. In that case, the actuator dynamics has to be considered, which makes the control problem more difficult.
Other robots make use of electrical drive units with torque measurement and control capabilities. When compared to hydraulics, the higher cleanness (no leaking oil) and lower acoustic noise level make it a more convenient solution for research and applications in the human living environment. For some applications, the achievable stiff position control can be advantageous as compared to compliant series elastic actuation. In the past years, DLR has gained expertise with the design and control of torque-controlled electrical robots [1] , [21] , [22] , [34] - [37] . Several generations of Light Weight Robots (LWR) [34] have been developed. They consist of 7 DOF manipulator arms, which can be both position and torque controlled. Based on the LWR technology, both the upper body humanoid robot Justin (2006, [35] to Rollin' Justin [36] in 2008) and the DLR Biped robot (in 2010, [1] ) were developed. The main focus of (Rollin') Justin is the development of algorithms for advanced manipulation and human-robot interaction. The most prominent design decision concerning the design of DLR Biped was to build it up from the readily available torque-controllable Light Weight Robot (LWR) drive units. Thus, in contrast to other robots that use specifically designed and custom-made drive units [3] , [31] , [38] - [40] , DLR Biped was not designed for fast walking (or even running or jumping). Instead, the mature torque measurement and control capabilities of the LWR drives were exploited without any redesign iteration. This allowed for a very fast development of the robot and gave us access to experimental research in the field of bipedal balancing [41] and walking. We developed Capture Point based walking algorithms [42] and extended them to allow for online footstep replanning (for joystick steering and obstacle avoidance [43] ), an increase in walking speed to up to 0.5 m s [44] and stair climbing (up to 5 cm stair height). After walking and balancing algorithms had reached a mature level, it was decided to widen the robot's field of application to multi-contact balancing, human-humanoid interaction and whole-body manipulation tasks (e.g. carrying a heavy load while walking). Thus, DLR Biped was gradually developed further to the full humanoid robot TORO between 2010 and 2014 (see Fig. 1 ). The hip and upper body were redesigned and arms, hands and a head were added (again based on LWR technology). TORO's main purpose is to serve as an experimental platform for evaluating torque based control approaches. Also, it allows for the comparison of position and torque control techniques for different applications.
The main purpose of this paper is to give an overview of TORO's design. The paper is organized as follows: Section II gives a general overview to TORO's mechanical design and dimensioning. Section III covers TORO's electronics, sensors and computer architecture. In Sec. IV, we shortly outline the control strategies used for walking and multi-contact balancing. Section V concludes the paper.
II. GENERAL OVERVIEW OF TORO'S DESIGN
The main idea followed during the design of TORO was to reuse as many readily available components as possible, in order to accelerate the process of design and putting into operation. In this regard, DLR's experience with the LWR drive units was very beneficial. The drive units including the electronics were all directly used from KUKA 1 -LWR arms.
A. Light Weight Robot drive units
The LWR drive units have a modular design (see Fig. 2 ) and could thus easily be reused during TORO's design. They include RoboDrive brushless DC motors [46] , Harmonic Drive gears, a torque sensor, position sensors (incremental and potentiometer) and a brake system. Additionally, they come with a cross roller bearing that decouples the drive train and the torque sensor from the structural forces and the torques perpendicular to the joint axis. There are three different types of LWR drives: "ILM85", "ILM70" and "ILM50", with a weight (including electronics) of 2.062 kg, 1.678 kg and 0.832 kg, respectively. The gear ratio depends on the chosen Harmonic Drive gear. See table I for their specifications and [46] for further details.
B. Mechanical design and dimensioning
TORO is a human-size humanoid robot with a total height of 174 cm and a weight of 76.4 kg. It has 25 torque-controlled and 2 position-controlled revolute joints (excluding hand joints): six joints per leg, six joints per arm, one yaw joint in the waist and two position-controlled joints in the neck. Figure 3 gives an overview of its most important dimensions and its joint configuration. We identified the required joint torques and velocities by performing standard motions (e.g. walking, squatting) in OpenHRP simulations and accordingly selected the actuation parameters (i.e. choice of motors and gears). The position-controlled joints are equipped with Dynamixel MS106T servo motors by ROBOTIS Inc. [47] . Table I summarizes TORO's joint specifications. The total weight of 76.385 kg is composed of 21.405 kg from the thorax (including the head), 5.702 kg from each upper arm, 3.813 kg from each lower arm (including hand), 5.617 kg from the hip, 7.648 kg from each thigh and 7.518 kg from each lower leg (including foot).
TORO has gradually evolved from the DLR Biped. With regard to hip design, the DLR Biped had a problem: In some cases (e.g. during stair climbing), it ran into singularity problems as the hip roll and yaw axes were aligned when its knee was lifted high. Thus, the roll-pitch-roll hip configuration from the DLR Biped was redesigned for TORO, such that the three hip axes do not intersect in a single point anymore (see Fig. 3 right) . This hip joint configuration allows for a compact hip design and avoids the mentioned singularity problems, as the hip axes can never coincide. Both hip roll joints (A) were placed relatively close to the robot's sagittal plane (20 cm apart) to reduce gravitational torque when the robot is standing on one leg. Except for the mentioned changes in the hip configuration, the leg design from the DLR Biped was inherited to TORO. The parallel bar mechanism in TORO's ankle allowed for a relatively slim ankle design and decreased the shanks' inertia. The strong ankle pitch motor (F') is mounted right below the knee, which allows for a comparably slim and strong ankle design (with the given drive units) and decreases the legs' inertia. TORO's feet are flat and comparably small (length: 19 cm, width: 9.5 cm). The foot-size was chosen to allow for full contact with small supporting surfaces (such as short stairs) and to prove the quality of our walking algorithms (see Sec. IV). See [1] for more details about the leg design. Due to the desired robot proportions, most structural parts from the LWR were replaced by custom-made structural parts. Most of them were milled using Al7075 alloy (an aluminum-based high strength material widely used in aerospace applications). Yet, TORO's thigh and its first shoulder link consist of the structural parts of the KUKA-LWR robot. Due to mechanical requirements and different manufacturing methods used by KUKA, the thigh elements are made of cast aluminum (higher strength) whilst the first shoulder element is made of carbon fiber (lower weight).
TORO's hip, upper body and arms were designed using the exoskeleton principle (as used by nature in insect carapaces, i.e. structural elements consist of outer shells). This allows for very strong and lightweight structures, which support and protect the electronic components. No additional housings are required. The structural elements that form the core part of TORO's thorax are two identical milled aluminum framework parts (see olive-green part in Fig. 4) . A wedge based clamping mechanism (clamped via tangential screws; see detail view in Fig. 4 right) is used to connect these structural elements to TORO's arms and waist and form a stiff and strong unit. The sum of TORO's thorax structural parts accounts for only 1.97 kg (excluding backpack pipe).
Just like in the thorax, the structural parts in TORO's arms use the exoskeleton principle and the same wedge clamping mechanism. Their design, as compared to the thorax, is round shaped to create space for the drive electronics (see Fig. 4 ) and closed to protect the electronics during interaction with the environment and with humans. TORO's arms were designed to have approximately anthropomorphic dimensions and to carry a maximum of 5 kg each. This allows TORO to carry objects with a weight of up to 10 kg and to produce corresponding additional end-effector forces during multi-contact balancing. This design specification was implemented by the choice of two "ILM70" drive unit in TORO's shoulder and four "ILM50" drive units in the remaining arm. The main focus of the research with TORO is not on dexterous manipulation but rather on balancing and simple manipulation tasks. To provide TORO with a robust solution for picking up simple objects and establishing firm contacts with its environment, it was equipped with electrical hand prostheses (i-limb ultra revolution prosthesis from Touch Bionics [48]). Each finger has one active and one additional passively coupled DOF. The thumbs have one additional DOF, so that they can be opposed to the other fingers. Although the i-limb hands have no position or torque sensors available, they have powerful intrinsic grasping capabilities.
The main part of TORO's computer system and auxiliary electronics (see Sec. III) is located in the backpack (see Fig. 5 ). It mainly consists of a backplate (which the components are screwed onto), a welded aluminum pipe frame and elastic fabric. The aluminum pipe frame is used as a suspension point for the security rope, as mechanical protection of the backpack's interior and as handle bars (see red markers in Fig. 5b ), which are used to manually support the robot after failed experiments. TORO's neck has an actuated pan tilt unit based on the commercially available Dynamixel MS106T servo motors [47] . The structural parts of TORO's head (see Fig. 6 ) were designed to provide the highest possible stiffness. The head structure contains all required sensors and a computer system for an onboard ego-motion estimation and mapping (see Sec. III-B). This high structural stiffness is not only required for mechanical protection (e.g. when the suspension rope hits the head after a fall), but also to avoid low frequency vibrations of the head, which can cause problems regarding ego-motion estimation.
Throughout the robot, hollow axes are used in the joints to allow for an internal routing of all cables. This avoids the cables from getting caught or tangled.
III. MECHATRONICS AND COMPUTER HARDWARE

A. Electronics
The same electronics as in the LWR (see Fig. 2 ) is used to power TORO's joint drives (except for the neck drives). It includes the motor power supply, electronics for motor control, brakes, joint position and torque sensing and control and communication between joint and control computers via Sercos-II bus (see Sec. III-C). The drive units and the electronic components supplying them are mounted as close to each other as possible (see Fig. 4 ) in order to reduce electromagnetic crosstalk and cable routing.
Two battery packs in TORO's backpack are used to power the robot. They consist of industrial cells based on LiFePO 4 and have a nominal voltage of 48 V, a capacity of 6.6 Ah and a weight of 2.3 kg each. These batteries supply power to the joints directly and to the computers via switching mode power supplies. The usual time the robot can operate on a set of batteries is one hour (e.g. walking or whole-body tasks). Alternatively, TORO can be supplied with electricity via a power cable. robots is currently more focused on capabilities than on power consumption, but endurance is also of high relevance for real-world applications. Taking this perspective, it is interesting to note that when TORO stands still, its power consumption is dominated by its electronics rather than its motors. Thus, in the design of a new humanoid prototype, we would pay special attention to the issue of electrical efficiency. To facilitate good heat dissipation in TORO, the joint drives' power electronics are either directly connected to the structural parts (made of aluminum that provides good heat conduction) or cooled via forced and natural convection.
B. Sensors
Each of the 25 installed LWR drives is equipped with an incremental motor position sensor, an output position sensor and a torque sensor. The torque sensors are mounted on the joint output side. Thus, torque measurements are almost not affected by frictional effects in the joints. Additionally, each joint has a built-in brake, which is activated either by user command or automatically in case of power-down. In this way, the robot's joint positions rarely have to be recalibrated although no precise absolute joint position sensors are available (yet, the ILM70 and ILM85 modules have built-in potentiometers that allow for partially automated recalibration). A recalibration is mainly necessary when a power-down occurs during robot operation and the internally tracked joint position is no longer updated while the joints keep moving (despite engaged brakes) due to the link inertia.
Each of TORO's feet is equipped with a 6 DOF forcetorque sensor (FTS), which is mounted directly above the foot. The FTS are used to measure the ground reaction wrenches independently of the robot's leg configuration, and to compute the zero moment point (ZMP), which is necessary for ZMP-based walking algorithms. The FTS are designed to measure forces and torques up to 1000 N and 100 Nm.
An inertial measurement unit (IMU) is mounted to TORO's thorax to measure its orientation and spatial acceleration. TORO's head (see Fig. 6 ) contains all sensors and the computer system required to estimate the robot's ego-motion and build up a map of its environment.
The sensory information of a pair of stereo cameras is processed on an onboard FPGA using Semi Global Matching (SGM) [49] with a resolution of 0.5 MPixel at a rate of 15 Hz. The resulting depth images and extracted image features are used to calculate delta poses between camera Fig. 7 : left: DCM reference ξ d (t) and nominal VRP trajectories r vrp,d (t) [42] . right: DCM-based walking control.
keyframes. These measurements are fused with IMU measurements in a delayed state Extended Kalman Filter to estimate pose and velocity of the head as well as IMU sensor biases. The depth images are integrated into a 3D environment map [50] . State estimates and map are sent to the real-time control computer in the backpack (profiting from a distributed computing architecture). Additionally, the head comes with an Asus Xtion Pro sensor (which works at 30 fps, [51] ) that provides a depth image of the robot in the range of around 0.7 m to 4 m. This depth image is partially redundant to the one computed via stereo cameras and SGM. This redundancy can be exploited to create more robust depth image perception. Especially, bad performance of the Xtion sensor in daylight and inability of a stereo camera system to work in darkness can be compensated with this dual system.
The full integration of the ego-motion estimation from TORO's head into our control framework is part of ongoing work. We also plan to additionally fuse kinematic information into the state estimation process.
C. Computer architecture
Most of TORO's system architecture with regard to joint technology is analog to the Light Weight Robot [34] . All drives apart from the neck are LWR drives, connected via the Sercos-II ring bus and use glass fibers as transmission medium. Thus, the single units are galvanically isolated from each other. The drives provide measurements of joint torque and position and receive a desired position or torque, which are locally controlled by the joint electronics at a 3 kHz rate.
TORO contains two Intel R Core i7 R computers. They are located in a compactPCI rack in its backpack (see Fig. 5 ). One of them is used for real-time control, the other one for high-level planning and communication with drives and sensors. The computers used for the ego-motion estimation and mapping are a Core2Duo and an ARM7 located in the head. The on-board computers are connected via Ethernet, while the off-board workstation (used for supervision and high-level control commands) connects via wireless LAN. To provide a consistent interface towards the various sensors and drives, a hardware abstraction layer (HAL) is used to The real-time operating system used on TORO is RealTime Linux based on Kernel 3.0. The clock of the Sercos-II bus is used to trigger the control loop. The full control loop is operating at a frequency of 1 kHz with a deterministic latency of 2 ms. The sensor data of joint position and torque sensors are available at a 1 kHz rate and the FTS data at a rate of 500 Hz. The real-time control software is developed in Simulink. The Simulink Coder TM (a.k.a. Real-Time Workshop) is used to generate C Code, which is then compiled and uploaded to the robot. Simulink's built-in "external mode" control mode is used as user interface.
IV. CONTROL STRATEGIES
This section provides an overview of the walking and balancing controllers implemented in TORO. The video in [52] illustrates their performance and provides an overview of additional applications of TORO.
A. DCM-based walking
The walking algorithms used for TORO are based on the Divergent Component of Motion (DCM, a.k.a. "Capture Point" [53] ). Recently [54] , [55] , we extended this method to 3D and derived methods to guarantee continuous leg forces during double support and heel-to-toe shift. In 3D, the Divergent Component of Motion (DCM) is defined as
where
T are the CoM position and velocity and b > 0 is the time-constant of the DCM dynamics. The naturally stable CoM dynamics can be found by reordering:
Thus, the CoM automatically (by definition) follows the DCM. Our method makes use of the so called Enhanced Centroidal Moment Pivot point (eCMP), which encodes the external (e.g. leg-) forces in a linear force law and the Virtual Repellent Point (VRP), which encodes the total force acting on the CoM (external plus gravitational force). Both eCMP and VRP are "invariant force application points" [56] , which facilitate the design of force profiles for dynamic locomotion. Using the VRP, the DCM dynamics can be expressed aṡ
The simple DCM dynamics is exploited to generate a DCM reference trajectory Fig. 7 left) , which is tracked via the following feed-back controller:
The desired VRP r vrp,c is then transformed into a corresponding desired leg force F leg,c via
where m is the robot's mass, g is the gravitational constant and Δz vrp can be interpreted as "average CoM height". The brace indicates the correlation between eCMP and VRP. Our walking algorithm is currently based on admittance control, which has disadvantages in case of interaction with the environment. Embedding DCM control into an inverse dynamics based whole-body control framework -with better compliance properties -is part of our ongoing research. Fig. 7 (right) shows an example of DCM-based walking.
B. Multi-contact balancing
The extension of the torque-based balancing and posture controller from [41] (originally derived for bipedal robots) to multi-contact balancing is part of our current research and will be shortly outlined in the following: Given a desired equilibrium x com,d for the CoM position and a desired orientation R d of the hip, we compute a desired wrench W d that we want to apply at the robot's CoM according to a compliance control law in the form of
where R and ω denote the orientation and the angular velocity of the hip, which are both measured by an onboard IMU. D is a damping matrix. K denotes the translational stiffness and τ k the torque from a virtual rotational spring between R and R d . The desired wrench W d is distributed to desired contact wrenches W c,i acting at the i end-effectors that are currently in contact (see Fig. 8 ). The used method is based on solving a quadratic optimization problem (QP), which includes inequality constraints regarding friction, unilaterality of contact forces and limitations for the center of pressure (CoP). The optimization generates a Cartesian impedance for all the end-effector directions which are not used for balancing. The desired end-effector wrenches are mapped quadi-statically via a Jacobian transpose to the joint torques, which are commanded to the robot.
V. CONCLUSION AND FUTURE RESEARCH TOPICS
In this paper, we gave an overview on TORO, a torquecontrolled humanoid robot, which has evolved from the former DLR Biped robot [1] (see Fig. 1 ). TORO's dimensioning, mechanical design and mechatronics (including electronics, sensors and computer architecture) were described. Additionally, we shortly described the strategies used for walking and multi-contact balancing. In retrospect, we believe that TORO is a reliable platform for basic research on torquebased whole-body control including walking, balancing and physical interaction with humans and the environment. We had decided to build up TORO from the readily available LWR drive units, which led to restrictions regarding high performance tasks (e.g. fast walking and running, deep squats, climbing high stairs). In this regard, we expect that the insights gained during the work with TORO will be very beneficial for the design of next-generation humanoid robots.
Our future intended research topics include inverse dynamics and impedance based walking and whole-body control, safe human-humanoid interaction, humanoid-based telepresence and the design of further humanoid prototypes.
